Hierarchical Y zeolite-containing mesoporous silica _ aluminas were prepared by the one pot sol-gel method using malic acid. Properties for the catalytic cracking of vacuum gas oil (VGO) were estimated using a Curie point pyrolyzer, to establish a novel and very simple estimation method for the catalytic cracking of VGO. Prepared catalysts showed higher conversions and selectivities for gasoline than zeolite single, indicating that yields of gasoline for zeolite-containing catalysts increased compared with that of zeolite single. Higher content of aluminum species in the catalysts resulted in decreased olefin/paraffin ratios and increased iso-/n-ratios (ratio of branched products to straight-chained ones), indicating that hydrogen transfer and isomerization were promoted by the addition of acid sites into the matrix. Catalysts with mesopores tended to form larger amounts of multibranched products, which are very important in modern petroleum refining. When the yields of gasoline, singlebranched products and multi-branched products were plotted against the conversion of VGO, the linear relationships were observed and the effect of kinds of zeolite was rather small, indicating that the activity and the selectivity were largely affected by the presence of matrices. Comparison of the yields of gasoline, single-branched products and multi-branched products at the same conversions showed that Y zeolite-containing catalysts always showed the highest yields and ZSM-5-containing catalysts showed the lowest yields although the differences were small. Pore size of the zeolite probably also affected the yields in the treatment of large molecules such as VGO. The present findings suggest that the appropriate combination of zeolite and matrix is the most important factor to obtain high catalytic activity and high yields of gasoline and branched products.
Introduction
Recently, catalytic cracking, one of the most industrial important processes, has been the subject of extensive research to obtain valuable petroleum products such as gasoline and propylene from less valuable vacuum gas oil (VGO) or atmospheric residue (AR). Catalysts for catalytic cracking generally consist of both zeolite and matrix. Zeolite is a major catalyst component and both development and modification of zeolites have been very important in the development of catalytic cracking catalysts. USY zeolite is generally applied for industrial processes, but ZSM-5 1) , mordenite 2) , MCM-22 3) , β 2),4) , ITQ-7 5) , MCM-68 6) , ZSM-12 7) , etc. have also been evaluated for catalytic cracking. However, zeolites have micropores which are not large enough to transfer bigger molecules such as VGO or A R a n d t o a l l ow fa s t d i ff u s i o n o f s u b s t a n c e s . Therefore, mesoporous matrices have very important functions to diffuse substances more rapidly. Matrix reactivity in catalytic cracking strongly affects not only t h e a c t iv i t y b u t a l s o t h e p r o d u c t s e l e c t iv i t y. Nevertheless, there are only a few academic studies concerning the matrix. Recently, much attention has been focused on the preparation of meso-/microporous composite materials 1),8), 9) 13) . The formation of hierarchical composite catalysts with both zeolite and mesoporous materials may increase the selectivity for branched products with higher octane number because the large space of the mesoporous material around an active acid site in zeolite promotes the generation of the more bulky branched hydrocarbons.
We previously reported that the combination of zeolite with micropores and matrix with mesopores promotes the formation of branched hydrocarbons which largely affects the octane number of gasoline 14) 20) . Furthermore, hierarchical Y zeolite-containing mesopo-rous silica _ aluminas could be prepared using malic acid (MA) 18) , 19) . In these studies, a model compound, ndodecane, was used as a feed material. Although the use of a model compound is convenient, it is also needed to investigate the direct reaction of VGO catalyzed by the combination of zeolite and silica _ alumina. In this study, the preparation and the characterization of novel hierarchical Y zeolite-containing mesoporous silica _ aluminas are reported, and a novel method to determine the catalytic cracking of VGO using a Curie point pyrolyzer (CPP) is introduced as a simple method for a catalyst evaluation. Our preliminary findings using ZSM-5 have already been reported 19) .
Experimental

1. P r e p a r a t i o n a n d C h a r a c t e r i z a t i o n o f Hierarchical Y Zeolite-containing Catalysts
The reagents for the preparation of gel were tetraethyl orthosilicate (TEOS, Nacalai Tesque, Inc.), aluminum tri-s-butoxide (ASB, Tokyo Chemical Industry Co., Ltd.), ion-exchange water (prepared with Auto still AW 200, Yamato Co., Ltd.), anhydrous ethyl alcohol (refluxed and distilled using Mg, GR, Nacalai Tesque, Inc.) and malic acid (MA, HOOCCH2CH(OH)COOH, Nacalai Tesque, Inc.). Zeolite used was Y zeolite (HY, JRC-Z-HY5.5, mean particle size (MPS) 6 μm, Catalysis Society of Japan). β zeolite (BEA, HSZ-940HOA, SiO2/Al2O3 37, Al2O3 4.4 %, MPS 5 μm, Tosoh Corp.) and ZSM-5 (MFI, HSZ-890HOA; SiO2/ Al2O3 1500, Al2O3 0.11 %, MPS less than 5 μm, Tosoh Corp.) were also used for comparison.
Y zeolite-containing silica _ alumina was synthesized by one step of the acid catalyzed sol-gel process using malic acid (MA) as a catalyst, a template and a reagent for Al dispersion as described in detail previously 19) . A typical method was as follows: Tetraethyl orthosilicate (TEOS) was added to a suspension of Y zeolite in ethanol and the mixture was stirred for 1 h at 25 . After an aqueous solution of MA was added dropwise, the mixture was stirred for 30 min. Then a solution of aluminum tri-s-butoxide (ASB) in 2-butanol was added dropwise and the mixture was stirred for further 30 min. Gelation was performed at 60 and was considered complete when the stirrer tip stopped. After gelation the temperature was maintained at 60 for 24 h. Finally the sample was calcined at 600 (heating rate 2.5 /min) for 3 h in a stream of dried air (600 mL/ min). The molar ratio of TEOS : MA : ASB was 1 : 0.22-1.22 : 0-0.40. The catalyst prepared contained 25 wt% zeolite and 75 wt% silica _ alumina. The alumina content in the silica _ alumina component was 0-25 wt%. The abbreviation of malic acid (MA), mole% of MA to TEOS, wt% of alumina in silica _ alumina and a zeolite name appear in order in the naming of samples.
The structural characteristics of the catalysts were measured by N2 adsorption (Bel Sorp mini, calcined sample was degassed under 10 -2 kPa at 350 for 3 h), X-ray diffraction (XRD, Rigaku RAD-C, nickel-filtered CuKα X-ray source radiation (λ 1.5405 Å) and operated at 40 kV and 100 mA) and NH3 adsorption and desorption (GC-thermal conductivity detector, Shimadzu GC-8A; amount of NH3 adsorption was measured by the pulse method; temperature-programmed desorption (TPD) of adsorbed NH3 was measured by heating the catalyst from 100 to 600 at a heating rate of 10 / min) as described in detail elsewhere 14) 20) .
Catalytic Cracking of VGO Using a Curie
Point Pyrolyzer Catalytic cracking of desulfurized VGO (C 84.91 %; H 12.13 %; N 0.36 %, sulfur content: 100 ppm, supplied from Nippon Ketjen Co., Ltd.) was carried out using a CPP (JCI-22S, Japan Analytical Industry Co., Ltd.) under the conditions of 500 , catalyst 1.5 mg (particle size, 45 μm), and VGO 0.2 mg. The appearance of the apparatus as well as the model structure of a catalyst appears in Fig. 1 . The CPP is a type of fixed bed reactor system. Therefore, it could be substituted for the MAT test by choosing the appropriate reaction conditions. 0.20 mg of VGO and 1.50 mg of a catalyst were wrapped with pyrofoil for 500 (F 500, Japan Analytical Industry Co., Ltd.) and the wrapped matter was packed into the CPP. The pyrolyzer was preheated at 150 and an injection syringe was introduced into the injection port of GC. Pyrolysis at 500 for 5 s was performed under a stream of He with 0.4 MPa. All products were directly introduced into a GC-column and were determined by a hydrogen-flame ionization detector (FID) according to JIS K 2536-2. The details appear elsewhere 14) . The conversion of VGO was estimated by comparing total area of products with that of a standard gas including C1-C4 (GL Sciences Inc.). Figure 2 shows the XRD patterns of Y zeolite and Y zeolite-containing silica _ aluminas. Peaks assigned to crystalline zeolite and a broad peak assigned to amor-phous silica _ alumina (2 theta 20-30 degree) were observed in the XRD patterns of synthesized zeolitecontaining silica _ alumina, indicating that zeolite crystals were maintained in the structure and were dispersed in the amorphous silica _ alumina 21) . Crystal sizes of Y zeolite in zeolite-containing silica _ alumina decreased in comparison with the original single Y zeolite, probably because of the significant amounts of MA that were used. However, the structure of Y zeolite remained. Therefore, we expected that the Y zeolite crystals were effectively covered by TEOS at the initial stage of the preparation and that a hierarchical structure with microporous zeolite in the core and mesoporous silica or silica _ alumina in the shell was formed. Such a hierarchical structure has been confirmed for β zeolitecontaining catalysts by TEM 18) .
Results and Discussion
1. Characterization of Catalysts
Recently, many researchers have tried to make mesoporous materials around zeolite with the use of pore directing agents 1),8) 13),22) 28) . However, malic acid has not been used for making mesoporous materials around zeolite because the acidity of malic acid may destroy the structure of the zeolite. In our experiments, mesoporous material could be made without destroying the crystal structure of zeolite, probably because the zeolite was coated with TEOS before adding malic acid. Our present method is not intended to incorporate mesoporosity within zeolite crystals. Mesoporous silica or silica _ alumina is formed around zeolite using malic acid as an organic template, a catalyst for polymerization of TEOS or ASB, and a dispersing agent of Al species by forming complexes with ASB. Table 1 summarizes the findings of N2 adsorption measurements obtained in the range from 3.3 to 200 nm pore diameter in the BJH method. Furthermore, little adsorption was observed in the range 50 to 200 nm. Therefore, the values calculated from the BJH method were considered to represent mesopores. The value of pore diameter measured by the BJH method is that at the maximum value in the BJH pore size distribution. On the other hand, the pore diameter measured by the BET method is the average pore diameter obtained from both the BET surface area and the pore volume. The BJH plots for single Y zeolite and MA022-5-Y showed no peak of pore size distribution, indicating that the pore structures of these materials mainly consisted of micropores. The BJH s u r fa c e a r e a s f o r M A022-5-Y, M A067-5-Y a n d MA122-25-Y were much smaller than the BET surface areas. In contrast, other MA122 series catalysts exhibited peaks as shown in Fig. 3(b) . Furthermore, the BJH surface areas of MA122-0-Y, MA122-1-Y and MA122-5-Y catalysts were very large and close to their BET surface areas, indicating that a large part of the pore structure of these catalysts consisted of mesopores. These N2 adsorption findings are consistent with those of β zeolite-containing catalysts 18) , which confirmed the presence of the hierarchical structure with micropores in the core and mesopores in the shell as mentioned above. Table 2 shows the NH3 adsorption and desorption and the conversion of VGO in catalytic cracking. The amounts of NH3 adsorbed and desorbed for single Y zeolite were much smaller than the amount of Al contained in this zeolite. The dispersion of Al, the ratio of the amounts of NH3 adsorbed against the amounts of Al contained in this zeolite, was not so high as that for β zeolite (almost 100 %) 18) . The amount of NH3 desorption was in the range 2.8-4.9 10 -4 mol/g, which is approximately consistent with the increase in Al content, but decreased in MA122-25-Y. All catalysts exhibited NH3 adsorption and desorption, but the relationship with the conversion of VGO was not clear. Two factors may strongly affect the activity and selectivity during VGO cracking, the acidity (Al content) and the pore topology (e.g. hierarchical structure).
2. Activity and Product Selectivity in Catalytic
Cracking of VGO Using CPP Single Y zeolite exhibited VGO conversion of only 24 %, probably because of the high acid density resulting in rapid deactivation at acid sites. MA122-0-Y exhibited the highest VGO conversion of 46 %, indicating that not only larger amounts of acid sites but also appropriate dispersion of strong acid sites are needed to obtain higher activity. Introduction of Al species into the matrix of Y zeolite-containing catalysts resulted in significant decreases in the conversion of VGO. Such introduction of Al species probably caused increased acid density which led to the observed rapid deactivation. We have already reported that, with a matrix and a zeolite separately positioned at the top and the bottom of the fixed bed down flow reactor, respectively, the highest activity was obtained in catalytic cracking of ndodecane 14) . These results suggest that primary cracking of VGO at the matrix part would be important to obtain higher conversion and product selectivity. In 37 J. Jpn. Petrol. Inst., Vol. 57, No. 1, 2014 Catalyst naming: MA, malic acid; 022, 067 or 122 (mol of malic acid/mol of TEOS) 100; 0, 1, 5 or 25 represents wt% of Al 2 O 3 in a matrix part; Y represents HY zeolite.
Fig. 3 Effect of Alumina Content on (a) N 2 Adsorption/Desorption
Isotherm and (b) BJH Plots of Catalysts NH3 adsorption and desorption experiments, single Y zeolite showed much smaller amounts of NH3 adsorbed and desorbed than expected from the amount of Al present in the zeolite. Al species, which are not related to NH3 adsorption and desorption, were not introduced into the zeolite skeleton and may be present as small alumina particles. These alumina species are dissolved in the solution of malic acid during the preparation of the gel catalyst precursor and are dispersed into the silica matrix. These amounts of alumina can be calculated as about 4 wt% from the amount of Al species, which is not related to the amount of NH3 desorbed. This amount of Al species is enough to form the silica _ alumina matrix around the Y zeolite. This fact may explain the highest conversion of the mesoporous MA122-0-Y catalyst. Catalytic cracking of VGO using CPP formed only small amounts of C1 and C2 products and thermal cracking hardly occurred, indicating that VGO effectively diffused into the catalyst and that catalytic cracking of VGO proceeded selectively. The product distributions for Y zeolite-containing silica _ aluminas were remarkably different from that for single zeolite. Using single Y zeolite, 36 % of products were C1-C4 gas fractions as shown in Fig. 4(a) . Using Y zeolite-containing silica _ aluminas, C3 and C4 products decreased whereas C8-C11 products increased. Furthermore, paraffin, olefin, naphthane and aromatic (PONA) distributions were greatly different from that for single zeolite as shown in Fig. 4(b) . β 14) 20) or Y zeolite 18),29) is well known to show higher activity for hydrogen transfer. Consistent with this, the paraffin selectivity for single Y zeolite was much higher than that for Y zeolite-containing catalysts. Furthermore, the selectivity for isoparaffins was also the highest for single Y zeolite.
Introduction of matrices into catalysts remarkably decreased the selectivity for paraffins but largely increased the selectivity for aromatics, indicating that the activity for hydrogen transfer of the catalyst decreased because the content of Y zeolite simply decreased. The increase in aromatic yields may be explained by the density of acid sites in the catalyst. Using a single zeolite, the density of acid sites is high enough to absorb olefins, to form aromatics, and to polymerize the aromatics to coke. Therefore, single zeolite catalyst showed the lowest conversion. Hydrogen generated from coke formation is transferred to olefins to produce paraffins over single zeolite catalyst. With introduction of the matrix, aromatics formed can be eliminated from the inside of the catalyst because of the lower density of acid sites. However, hydrogen transfer to olefins during aromatic formation is hindered because of the fewer acid sites, which are required to collect olefins. The presence of Al species in the matrix, that is the introduction of acid sites into the matrix, is closely related to not only the catalytic activity but also to isomerization, formation of aromatics, and hydrogen transfer from aromatics to olefins forming paraffins. In this case, the addition of Al species to MA122-0-Y catalyst increased the activity of hydrogen transfer to olefins to form paraffins, although the conversion did not increase. If the zeolite is closely associated with a matrix, aromatics are formed on the zeolite and olefins are collected by the acid sites in the matrix simultaneously, which would result in significant hydrogen transfer. Very similar results could be observed for catalysts containing β and ZSM-5 zeolites ( Figs. 6(b) and 7(b) ). However, the activity of hydrogen transfer increased in the order of catalysts containing ZSM-5 β Y zeolite. The selectivities for aromatics were similar, indicating that the amounts of hydrogen formed during aromatic formation were not different. Therefore, this result may be related to the size of the micropores in the zeolite. Hydrogen transfer includes two molecular reactions. Y zeolite includes about 1.3 nm of supercages in its micropores which are not present in ZSM-5 and β zeolite. Such supercages in Y zeolite could collect olefins with aromatics formed immediately, which would lead to easy hydrogen transfer. Table 2 also shows the product distributions and some parameters of the gasoline fraction in the catalytic cracking of VGO using single Y zeolite and Y zeolitecontaining silica _ aluminas. Gasoline selectivities for most Y zeolite-containing silica _ aluminas were more than 70 %, whereas that for single Y zeolite was only 62 %. Comparison of some parameters in the gasoline fraction found that the ratios of olefin/paraffin and multi-branched products/single-branched products (multi/single branch) were higher for all Y zeolitecontaining silica _ aluminas than for single Y zeolite. The ratio of iso-/n-products for single Y zeolite was 7.33. Most of RON values for Y zeolite-containing catalysts were higher than that for single zeolite, possibly due to the high values of the olefin/paraffin ratio for Y zeolite-containing catalysts. As gasoline after catalytic cracking requires subsequent HDS to decrease sulfur content, the increase in RON value with high olefin/paraffin ratio may be lost. Since a higher yield of branched products is required in modern FCC, the higher ratios of multi-/single-branched products obtained with zeolite-containing silica _ aluminas are important 14) 20) .
The effect of the amount of catalyst (MA122-5-Y) used was investigated as shown in Fig. 5 and Table 3 . The conversion largely changed with the amount of the catalyst used whereas the product distribution based on carbon number was almost the same as shown in Fig. 5(a) . Using 0.5 mg of catalyst, the conversion was lowest and the selectivity for aromatics was lower than for larger amounts of catalysts. Therefore, hydrogen transfer was limited and led to the highest olefin selectivity, iso-/n-product ratio, multi-/single-branch ratio, and RON as shown in Fig. 5(b) and Table 3 . Using 1.0 mg or 1.5 mg of the catalyst, comparatively higher conversions were obtained, although all parameters in the gasoline fraction estimated in Table 3 were lower than for 0.5 mg of catalyst. Using 2.0 mg of the catalyst, conversion increased but gaseous products increased because of over-cracking. These results indicated that the appropriate ratio of catalyst to feedstock was one of the most important conditions to obtain higher conversion.
Effects of Kinds of Zeolite in Catalysts on
Catalytic Cracking of VGO Using CPP In order to estimate the changes in the yields of gaso- line, single-and multi-branched products with the kind of zeolite in the catalyst at a constant conversion, these values were plotted against the conversion of VGO. Details for catalysts containing β zeolite and ZSM-5 are g i v e n i n F i g s . 6 a n d 7 a n d Ta b l e s 4 a n d 5.
Conversion for gasoline and iso-/n-product ratios were lower than those for Y zeolite-containing catalysts. These trends were similar to those for β zeolite-containing catalysts. Apparently the higher RON values for β and ZSM-5 zeolite-containing catalysts are related to the higher olefin/paraffin ratios because the RON value of olefin is higher than that of paraffin at the same carbon number. The higher olefin/paraffin ratios for β and ZSM-5 zeolite-containing catalysts may result from the lower activity for hydrogen transfer compared with Y zeolitecontaining catalysts. The higher iso-/n-product ratios for Y zeolite-containing catalysts may result from the presence of larger micropores in Y zeolite. In contrast, the iso-/n-product ratios decreased and multi-/singlebranch ratios increased for β and ZSM-5 zeolitecontaining catalysts because the conversions were slightly higher for these catalysts and single-branched products were cracked further to form lower gaseous products or multi-branched products. This mechanism is discussed below in detail. The yield of gasoline is the most important characteristic of the catalytic cracking of VGO. The yields of single-branched and multi-branched products are also major concerns in this paper because these products contribute to the increase in RON number. Figure 8 shows the plots of yields of (a) gasoline, (b) singlebranched products, and (c) multi-branched products, respectively, against conversion of VGO. Data for β zeolite and ZSM-5 are also plotted with data for Y zeolite. Higher conversion was correlated with higher yields and clear linear relationships were observed in all these plots, although some deviations were also observed for the yield of multi-branched products. These results indicated that the presence and properties of the matrix in the cracking catalysts largely and fundamentally affected and increased all conversions, gasoline yield, and yields of branched products. The data for the ZSM-5 series deviated to the bottom of each line specifically at higher conversion whereas data for the HY zeolite series deviated to the upper side of each line, and data for the β zeolite series lay on the line. The properties of the pore size and acid sites of the zeolite probably affected these differences observed between kinds of zeolite. Furthermore, these findings also suggest that the structure of the catalysts including the matrix as well as the zeolite is the most important factor to control the catalytic cracking activity and product selectivity.
4. Comparison of Catalytic Cracking of VGO Using CPP with that of n-Dodecane Using a Flow Reactor
Catalytic cracking of VGO using CPP as presented here was compared with that of n-dodecane using the same catalysts containing Y zeolite and β zeolite in a flow reactor as reported recently 18) . The reaction con-ditions for the catalytic cracking of n-dodecane were as follows: 500 , catalyst 1 g, n-dodecane 1.3 mL/min, reaction time 80 s, fixed flow reactor with ID 8 mm; and N2 carrier gas was introduced for 30 min at 30 mL/ min after the addition of n-dodecane. As shown in Table 6 , the values for selectivity of the gasoline fraction and the iso-/n-product ratio are also related to the conversion of n-dodecane. Major interests are the yields of gasoline, single-branched products, and multibranched products. In order to compare the results in Fig. 8 , the yields of gasoline, single-branched products, and multi-branched products for all zeolites and zeolite-containing catalysts were plotted against the conversions of n-dodecane in Figs. 9(a)-9(c) , respectively. These yields almost linearly increased with increasing conversion independent of the kinds of zeolite used. Some catalysts exhibited higher yields of singleand multi-branched products beyond the linear relationship at higher conversion in Figs. 9(a)-9(c) . These catalysts (e.g. MA122-0-Y, MA122-1-Y, MA122-5-Y, MA122-0-β, MA122-1-β, MA122-5-β) have comparatively larger mesopores in the matrix fraction, indicating that larger pores tend to yield branched products because these molecules are more bulky than unbranched hydrocarbons. These results also indicated that isomerization and cracking occurred simultaneously, because the yields of gasoline and branched products almost linearly increased with higher conversion independent of the kinds of catalysts. The results in Figs. 9(a)-9(c) were different from those for catalytic cracking of VGO because the slopes changed depending on the kinds of zeolite in Figs. 8(a)-8(c) . The mixture VGO and the pure compound n-dodecane are very likely to show differences in reactivity.
The reaction profiles of catalytic cracking of VGO and n-dodecane were compared using Tables 2 and 6 although the catalyst/feed ratios were different. The conversion for single zeolite in VGO cracking was rather low, whereas that in n-dodecane cracking was high. In general, higher molecular weight of a hydrocarbon leads to higher reactivity in catalytic cracking 29) . Therefore, the reactivity of VGO in catalytic cracking is considered to be higher than that of n-dodecane because VGO has higher molecular weight than n-dodecane. The lower conversion of VGO for single zeolite can be explained by rapid coke formation which commonly occurs in catalytic cracking and is the major cause of the deactivation 29) . In fact, decreased content of zeolite in MA122-0-Y resulted in higher conversion of V G O a n d l o w e r c o n v e r s i o n o f n -d o d e c a n e . Introduction of Al species, that is acid sites, into the matrix decreased the conversion of VGO but increased that of less reactive n-dodecane. This observation can also be explained by the deactivation caused by coke formation in the cracking of VGO.
Although the catalyst/feed ratio for VGO cracking was about ten times higher than that for n-dodecane cracking, the gasoline selectivity for VGO cracking was more than 70 % higher than that for n-dodecane cracking. The o/p values for the same catalyst were very close. In contrast, the iso-/n-and m/s values in VGO cracking were about two or three times higher than those in n-dodecane cracking using the same catalyst. VGO has longer chains of aliphatic hydrocarbons as well as aromatics, which are advantageous to form secondary carbenium ions because longer chains have more secondary carbons in a molecule and alkylaromatic compounds with C3 and longer alkyl groups are easily protonated and cracked to form a secondary carbenium ion 29) . The yields of branched products probably reflect the concentration of carbenium ions in a working catalyst. Total RON values for the gasoline fraction in VGO cracking were about 2 points higher than those in dodecane cracking. The m/s ratio may be an important factor to increase RON because the multi-branch product generally reveals higher RON than singlebranch and straight-chain hydrocarbons 14) 20) .
5. Effects of Pore Sizes and Amounts of Acid Sites in Matrices on Properties of Catalytic Cracking
Increased amounts of malic acid resulted in larger amounts of mesopores formed in MA122 series catalysts and therefore the selectivity for gasoline fraction increased in these catalysts compared with MA022-5-Y, MA067-5-Y and single zeolite (Tables 2 and 6) , indicating that the presence of mesopores is very favorable for the inhibition of over-cracking of hydrocarbons. Further, most m/s ratios for the MA122 series catalysts were higher than those for MA022-5-Y and single zeolite in catalytic cracking of both VGO and n-dodecane. These findings are consistent with the conclusions of our previous studies in which the presence of large meso-pores prepared by gel skeletal reinforcement increased the m/s ratio in catalytic cracking of n-dodecane 16),17), 20) . However, the effects of mesopores on the iso-/n-product ratios were not clear. On the other hand, the iso-/nproduct ratios increased with higher alumina contents of MA122 series catalysts in both VGO and n-dodecane cracking, indicating that the introduction of acid sites into the matrix was extremely important in the formation of branched products.
In the case of n-dodecane cracking, the addition of alumina into the matrix also clearly increased the conversion of n-dodecane, indicating that, if the number of acid sites on the zeolite is not adequate to convert a less reactive molecule such as n-dodecane, the acid sites on the matrix also participate to activate the molecule, and that an appropriate number of acid sites in the matrix as well as the presence of mesopores is very important for the catalytic activity and formation of branched products. Furthermore, the hierarchical structure, in which zeolite is enclosed by mesoporous silica _ alumina, is important for the catalytic activity and selectivity of products. In our previous study, n-dodecane cracking was achieved by positioning the matrix bed and zeolite bed at the top and the bottom in the same fixed bed down-stream reactor 14) . If the matrix bed was at the top, the reactivity and selectivity for branched products were higher than for the physical mixture of zeolite and matrix or the zeolite bed at the top, indicating that the reactivity and selectivity increased as the primary reaction of n-dodecane occurred at the matrix acid sites and then the secondary reaction occurred at the zeolite surface. In the present study, a similar situation to the reactor with matrix at the top and zeolite at the bottom was created within the hierarchical structure of the zeolite-containing catalysts in which zeolite was enclosed by the silica _ alumina matrix. If silica _ alumina was 43 J. Jpn. Petrol. Inst., Vol. 57, No. 1, 2014 between conversion and total conversion shows the yield of coke. d) Amounts of NH 3 desorbed were given in parentheses. e) Olefins and paraffins are included. positioned above the zeolite separately in a reactor, the selectivity for products increased compared with single use of silica _ alumina and zeolite or a physical mixture 31) . The meso-/microporous composite including 72 wt% of ZSM 5 showed the highest conversion of dodecane at 90 %, whereas only ZSM-5 and a mechanical mixture of ZSM-5 and Al-mesoSiO2 had conversions of 83 % and 85 %, respectively 1) . These results are consistent with ours and suggest that mesoporous weak solid acid initially adsorbs and primarily cracks the larger hydrocarbon molecules to produce lighter olefins and paraffins, which then undergo secondary reactions on the zeolite surface. The precise design of the hierarchical pore structure and the distribution of appropriate acid sites on the matrix is one of the most important factors for controlling the catalytic activity and selectivity in modern catalytic cracking.
6. Relationship between the Structure of Zeolite and the Reaction Mechanisms
This study found linear relationships between the conversion of VGO and the yields of gasoline, and single-branched and multi-branched products, but slight differences in the slopes of the straight lines were observed between catalysts containing Y, β and ZSM-5 zeolite. Therefore, comparison of those yields at the same conversion found that yield increased in the order ZSM-5 β Y series catalysts. Both β and Y zeolites have twelve membered rings at the entrance of the micropores and so their pore sizes show no significant differences. The major difference may be the presence of supercages of Y zeolite, which would increase the possibility of formation of bulky carbenium ions and branched products (see Fig. 10 ). Yields were lower for ZSM-5 catalysts since ZSM-5 has smaller ten membered rings. Linear relationships were also found between the conversion of n-dodecane and the yields of gasoline, and single-branched and multi-branched products. However, almost all plots for catalysts containing β and Y zeolites could be placed on the same line, although the conversion of n-dodecane was much higher for catalysts containing β zeolites. This result indicated that the effect of the pore size of zeolite on these values was much smaller than expected based on the catalytic cracking of n-dodecane. As pointed out previously, this may be due to the small size of the n-dodecane molecules compared with the size of the pores of zeolites.
Conclusions
Hierarchical zeolite-containing mesoporous silica _ aluminas showed higher catalytic activity than single zeolite. Even using the same zeolite, catalytic activity was greatly changed by incorporation of zeolite into mesoporous silica _ alumina catalysts. Furthermore, the introduction of mesopores into the catalysts 44 J. Jpn. Petrol. Inst., Vol. 57, No. 1, 2014 : Y zeolite single and Y zeolite-containing catalysts; : β zeolite single and β zeolite-containing catalysts. With increased content of aluminum species in the catalysts, the ratio of olefin to paraffin decreased and the ratio of iso-/n-products increased. Plots of the yields of gasoline, single-branched products and multibranched products against the conversion of VGO showed linear relationships and no large effect of the kinds of zeolite, indicating that the catalytic activity and the selectivity were largely affected by the presence of matrices. The slight effects of the kinds of zeolites on the yields of gasoline, single-branched products and multi-branched products possibly depended not only on the pore size of zeolite but also the presence of the supercages of Y zeolites. The findings of this study also suggest that the combination of zeolite and matrix is the most important factor to obtain high catalytic activity and high yields of gasoline and branched products.
Although the micro activity test (MAT) for catalytic cracking is generally used to evaluate catalysts 29) , the MAT is still somewhat large-scale for a university laboratory and the utilization of CPP presented here provided a simple alternative method for the development of VGO and AR catalytic cracking catalysts. 
